This paper is on relay selection in uplink of an in-band full-duplex (IBFD) cooperative cellular network. Assuming an orthogonal frequency division multiple access (OFDMA) cellular network, we develop a relay selection and resource allocation algorithm for this network. The relay selection algorithms select the best relay based on distance between users and signal to interference plus noise ratio (SINR) that operate in amplify and forward (AF) mode. The optimization problem allocates the optimum subcarriers and powers to all users to maximize the average sum-rate of the network. In addition, the constraints of the optimization problem are quality of service (QoS) and transmit power of each user. Simulation results illustrate the good performance of the proposed method.
Introduction
The inevitable high bandwidth requirement in the future cellular networks has led to advent of new technologies. One of this technologies is in-band full-duplex (IBFD) communication. IBFD systems can transmit and receive signals at the same time on the similar frequency band with self-interference (SI) that can be reduced by propagation-domain, analog-circuit-domain, and cooperative network is based on AF relay nodes that are selected from the users that are close to the BS. Afterward, we optimize the allocation of powers to all users and then select the best relay for each of far users. After relay selection, the OFDMA subcarriers are optimally allocated to all users.
Finally, we have a total sum-rate maximization problem based on relay selection in which the power and quality of service for each user are our constraints. We prove that this problem can be converted to a convex optimization problem and then, we can solve it with numerical methods. Our simulation results demonstrate the performance of our system model and its effect on the total sum rate of the network.
The contributions of this paper are as follows. We investigate uplink of an IBFD-OFDMA cooperative cellular network. In this network, users that are not in the BS's coverage area can communicate with the BS by help of the relays. In our system model, all nodes are IBFD and we analyze the SI effect in the BS on the sum-rate. We consider the large-scale path loss based on users' location. In the subcarrier assignment, we applied the Munkres algorithm [19] to trust that in each time slot, each subcarrier assigned to only one user. We propose relay selection algorithm based on channel coefficient and location of users to choose the best relay to connect users and the BS. Our optimization problem is a sum-rate maximization problem of subcarrier and power allocation with power and quality of service constraints for each user. This problem is a mixed integer nonlinear program (MINLP) that is non-convex. We relax and convert it to a convex problem and then, solve it with numerical methods.
The remainder of this paper is organized as follows. The system model is introduced in Section II. Relay selection schemes are introduced in Section III. Problem formulation for sum-rate maximization is introduced in Section IV. The simulation results are demonstrated in Section V. Finally, Section VI concludes the paper.
System Model
We consider uplink of a single cell network which consists of a BS at the center of the cell and two groups of users around it, as depicted in Fig 1. All users and the BS operate in full-duplex mode. Our OFDMA cellular network's total bandwidth is N W , where N is the number of subcarriers and W is the bandwidth of each subcarrier that is the same for all subcarriers. The users of the first group that have far distance to the BS, to communicate with the BS transmit their data to users of the second group that have short distance to the BS. The users of the second group for relaying the received signal from far users that are not in the BS coverage area to the BS, use amplify and forward relaying strategy. The number of users is K1 + K2 that K1 is the number of users in the first group and K2 is the number of users in the second group.
In our OFDMA relay selecting system, we choose the best relay to transmit the received signal from the users of the first group to the BS. In general, we need two time slots for data transmission from the users of the first group to the BS in cooperative mode. Any user of the second group that is not selected as relay can send its data to the BS in both time slots in non-cooperative mode. Therefore, the users can be in either cooperative or non-cooperative modes. We also assumed that all users have a single antenna. We assume that in our system model there are only two hops, from the users to the relays and from the relays to the BS. Consequently, in first time slot, all users in the first group transmit their data to the relays (second group users) and also, all users in the second group transmit their data to the BS. In the second time slot, users that work as relay, transmit the amplified data to the BS (cooperative mode) and users that do not work as relay, transmit their data to the BS (non-cooperative mode). Then, relays have to work in IBFD mode to transmit and receive simultaneously in the first time slot. In addition, our relays are not fixed and we use proactive scheme for relay selection that it selects a single relay before data transmission [20] . Our relays operate in non-regenerative mode.
We assume that the BS is at the origin, users that can be used as relays are in the inner boundary with radius R1 and far users are between the inner and the outer boundary with radius R2. The location of the users can be modeled as the distance r away from the BS and in the random direction of angle θ. Then, closer users to the BS (relays) are at the location x r = (r 1 , θ 1 ) and farther of them (users) are at the location x u = (r 2 , θ 2 ). We consider the small-scale Rayleigh fading and the large-scale path loss to have more realistic propagation model. We use the standard singular path loss model for the large-scale path loss, l(x 1 , x 2 ) = ||x 1 − x 2 || −α , where 2 ≤ α ≤ 6 [21] . In this equation, α and ||x 1 − x 2 || illustrate the path loss exponent and the Euclidean distance between two nodes, respectively. Therefore, when x 1 is a relay and x 2 is the BS, the large-scale path loss can be modeled as l(x r , 0) = l(x r ) = (r , where 0 illustrates the origin. Also, the large-scale path loss when, x 1 is a user and x 2 is a relay can be modeled 
All distances between the BS and users that are located in the inner boundary and between the inner and the outer boundary assumed to have uniform distribution with probability distribution function (pdf) of
In addition, the angle of users assumed to have uniform distribution
Signal Model
The received signal at the relay in the ith subcarrier and the first time slot in cooperative mode is
Where, h i k,m denotes the channel coefficients matrix (small scale fading) between the kth user in the first group that are far from the BS to the mth user in the second group that are close to the BS in the ith subcarrier. In general, in this paper, i and j are the subcarrier superscripts in the first and second time slots, respectively. P
is the transmission power of the kth user in the first group in the ith subcarrier and in the first time slot to the mth user in the second group in cooperative mode. In addition, Z i k,m is the additive white Gaussian noise (AWGN) with variance of N 0 received by the mth user in the second group in the ith subcarrier. Also, X i k,m is the transmitted symbol from the kth user in the first group for the mth user in the second group in the ith subcarrier. The received signal at the BS in the jth subcarrier and in the second time slot in the cooperative mode is
Where, g j m,B denotes the channel coefficients matrix between the mth user in the second group to the BS in the jth subcarrier. The self-interference of the BS transmit and receive antennas in the jth subcarrier is denoted by the matrix H j SI . P j,(C,2) B,m represents the transmit power from the BS in cooperative mode to the mth user in the second group in the jth subcarrier and in the second time slot in the downlink. We consider that the noise power is equal to N 0 W in each subcarrier for all receivers. In addition, G represents the received signal amplification factor at the AF relays [5] and it is equal to
In the non-cooperative mode, the received signal at the BS in the first and second time slots are, respectively, represented as
The SINR for cooperative mode is derived as
In the denominator of (8), we can ignore the terms, 1 and P j,(C,2) B,m γ j SI . Also, the SINR for the non-cooperative mode is as follows
where,
where, T represents the time slot. Using the above SINRs, sum-rate of the network in the cooperative and non-cooperative modes are derived as follows
Total sum-rate is equal to
In (12) is one, otherwise it is zero. In addition, in the second time slot, if the mth user in the second group is transmitting to the BS in the jth subcarrier, σ j,(2) m is one, otherwise it is zero.
Relay Selection
In this section, we compare six schemes for relay selection in IBFD OFDMA relaying system. In this paper, users that are close to the BS can act as relays and must be appropriately selected to help far users that are not in the BS coverage area. In contrast to other techniques like SCP method [22] that separately selects the subcarriers with highest signal-to-noise in each hop, in our proposed scheme, we use the criteria that jointly consider both hops. We assume that the distance between farther users and closer users (i.e. relays) and the distance between the closer users and the BS are denoted by d u and d r , respectively. Then, we use the following schemes for relay selection.
Best SINR Relay Selection
In this scheme, the best relay in each subcarrier is selected based on the maximum SINR at the BS. This scheme is proposed in [17] . With consideration of the SI effect, we have
and without consideration of SI effect, we have
Best Harmonic Mean Selection
The best harmonic mean selection is proposed in [17] , that relay with largest harmonic mean are selected as the best relay for data transmission. The selection function is as follows 
Shortest Distance to Relay Selection
In this scheme, the relay that has the shortest distance to the far users can be selected as the best relay for data transmission [18] . It is assumed that closer users to the BS (relays) are at the location x r = (r 1 , θ 1 ) and farther of them (users) are at the location x u = (r 2 , θ 2 ). Let, d r and d u be the distance between the BS and the relays and the distance between the relays and the users, respectively.The selection function is as follows
Shortest Total Distance Selection
In this scheme, the relay that has the shortest total distance between the user and the BS can be selected as the best relay for data transmission [18] . The selection function is as follows
Least Longest Hop Selection
In this scheme, the relay that has the longest distance of the user and the relay or the relay and the BS can be selected as the best relay for data transmission [18] . The selection function is as follows
Shortest Distance of Second Hop Selection
In this scheme, the relay that has the shortest distance to the BS can be selected as the best relay for data transmission [18] . The selection function is as follows
After relay selection, in each subcarrier pair (i,j), the communication mode (cooperative or non-cooperative) based on data rate can be specified. Then, we have an N × N matrix that its row and column illustrate the subcarriers in the first and second time slots, respectively. In each subcarrier pair (i,j), if the communication mode is cooperative, we use the cooperative data rate in the matrix, and if the communication mode is non-cooperative mode, we use the sum of two data rates in the first and second time slots. Afterward, we apply the Munkres algorithm to this matrix for subcarrier assignment.
Optimization Problem Formulation
Our optimization problem based on power and QoS constraints can be written as max P,ρ,σ
In the above obtimization problem, (20a) to (20c) are related to subcarrier allocation. σ (20i) show that the data rate of each user must be more than a minimum requirement in each mode. The constraints (20f) to (20i) are the quality of service (QoS) constraints.
Solution Approach
In this section, we prove the convexity of our optimization problem in equation (20) . First, we investigate the concavity of the uplink data rate of the cooperative mode. Later we will discuss about the non-cooperative mode. To prove the concavity of data rate R c = log(f ), we need to show that the Hessian matrix of f = 1 + Γ U C is negative semidefinite. That is, the eigenvalues of this Hessian matrix must be non-positive. Since the logarithm function is a concave and increasing function, if f is concave, R is concave too. Since the first term in (12) is concave (by properties of perspective operation), by the notations introduced in the table (1), we formulate the denominator of (8) as a * c * x + b * y. 
Then, the Hessian matrix of f is as follows
The determinant of the matrix (21a) is zero, and its eigenvalues are as follows
The eigenvalues calculated above, are non-positive. It is proved that our function is concave and negative semidefinite. Now, we study the convexity of the uplink data rate equation of non-cooperative mode. We need to calculate the Hessian matrix of the data rate function in this mode to prove that it is a concave function. That is,
The determinant of the above Hessian matrix is zero. Now, we calculate its eigenvalues
It can be seen that the eigenvalues are non-positive. Therefore, it is proved that our function is concave. Now, we can use standard numerical solution methods for convex optimization problems to solve this problem.
Numerical Results
In this section, we represent our simulation results that have been performed to evaluate the performance of the proposed schemes. We consider a single cell and a BS that is located at its center. We also have two groups of users that are uniformly distributed around the BS. Users that are placed in a longer distance from the BS are the first group and users in a shorter distance are the second group. All channel coefficients between users, between user and the BS, and also self-interference channels are independent and identically distributed complex Gaussian random variables with unit variance and zero mean. The users maximum power is assumed P maxU = 20dBm and the BS maximum power is P maxBS = 40dBm. We also assume that the bandwidth of each subcarrier is 20kHz and the noise power spectral density (N 0 ) is −174dBm/Hz. The number of subcarriers is considered as default N = 8. Fig.2 illustrates average sum-rate of users versus different values of user maximum power with consideration of SI effect for different K1 and K2 values. In this figure, we use the best SINR relay selection scheme with consideration of SI effect and the QoS and power constraints requirements are satisfied. This figure illustrates that when the number of users and relays increases, average sum-rate increases too. Fig.3 , illustrates the average sum-rate of users versus different values of user maximum power without consideration of SI effect for different K1 and K2 values. In this figure, also, we use the best SINR relay selection scheme without consideration of SI effect.
In Fig.4 , average sum-rate versus users maximum power for two cases with best SINR relay selection scheme are presented. In the first case, the BS self-interference effect is considered, while in the second case, it is not considered. It is obvious that when the interference (specifically the BS selfinterference) decreases, the sum-rate increases. The self-interference effect is shown clearly in this figure. The number of users and relays is equal to 4. Fig.5 illustrates the average sum-rate of users versus different values of user maximum power with consideration of SI effect to analysis relay selection schemes. The number of users and relays is equal to 4. In this figure, We see that the shortest total distance selection scheme is the best relay selection scheme. It is shown that when the user maximum power is very low, the sum-rate is very low, too and relay selection does not have much effect on the sum-rate. Fig.6 is same as Fig.5 , and illustrates the average sum-rate of users versus different values of user maximum power. This figure shows the effect of relay selection schemes, however, the SI effect is not assumed. The result of this figure is that the shortest total distance selection scheme is the best relay selection method in our scenario. Fig.7 illustrates the average sum-rate versus user maximum power without consideration of SI effect to analyze the effect of different K1 and K2 values. We applied the shortest total distance selection scheme to the relay selection. This figure illustrates that the number of users and relays have direct effect on the sum-rate. All of our figures satisfies the QoS and power requirements. Figure 7: Average sum-rate vs. user maximum power without SI effect consideration for the shortest total distance selection scheme.
